A number of Pseudomonas strains accumulated polyhdroxyalkanoate (PHA) from a variety of aromatic hydrocarbons. In many strains the level of PHA accumulation was dependent on the side chain length of the phenylalkanoic acid provided for growth. 4 of the 8 strains accumulated increased levels of PHA as the side chain length of the phenylalkanoic acid substrate increased. PHA accumulated from styrene and phenylacetic acid was composed of aliphatic monomers only. The PHA accumulated from any one of the phenylalkanoic acids with 5 carbons or more in their side chain (n P 5) was almost identical for all strains with PHA composed of both aromatic and aliphatic monomers. The predominant monomers accumulated were 3-hydroxyphenylvaleric acid and 3-hydroxyphenylhexanoic acid. The addition of the metabolic pathway inhibitors acrylic acid and 2-bromoctanoic acid resulted in decreased levels of PHA from phenylacetic acid, suggesting a role for both b-oxidation and fatty acid synthesis in PHA accumulation from phenylacetic acid.
Introduction
Polyhydroxyalkanoates (PHAs) are a group of biodegradable polymers accumulated by bacteria as an intracellular carbon storage material generally in response to inorganic nutrient limitation in the presence of excess carbon [1] . PHAs are a versatile set of biodegradable plastics whose uses depend on their monomeric composition [2] . The presence of aromatic monomers in PHA can dramatically change its physical properties, leading to new biomedical and biotechnological applications [3] [4] [5] [6] [7] .
A number of reports on accumulation of aliphatic and aromatic PHA from aromatic hydrocarbons have been published [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . However, the majority of these studies have been limited to a single substrate and a single Pseudomonas species. PHA accumulation from aromatic hydrocarbons has been shown in only three Pseudomonas species, i.e., Pseudomonas putida [3] [4] [5] [6] [7] 13, 14, [16] [17] [18] , Pseudomonas oleovorans [9] [10] [11] [12] [13] 15] and P. citronellolis [5, 8, 16] . Consequently there is a lack of knowledge on the diversity of PHA accumulating abilities within and across Pseudomonas species from a range of structurally related aromatic hydrocarbons.
Aliphatic PHA accumulation from the aromatic substrates styrene and phenylacetic acid has only been shown in P. putida CA-3 [18] . The ability of various Pseudomonas species to accumulate PHA from these substrates is examined to increase knowledge on metabolic diversity of PHA accumulation from aromatic carbon sources. Furthermore styrene is an environmental pollutant and the conversion of such a compound to PHA could have a doubly beneficial effect on the environment by preventing pollution and concomitantly producing an environmentally friendly polymer. Phenylacetic acid is an intermediate of styrene degradation [19] [20] [21] and other aromatic compounds [22] [23] [24] , thus the ability of a variety of strains to accumulate PHA from phenylacetic acid is metabolically interesting.
This study investigates the effect of the aromatic substrate supplied on the ability of various Pseudomonas species to accumulate PHA as well as the monomer composition of the PHA accumulated. In addition the ability of Pseudomonas fluorescens and Pseudomonas jessenii to accumulate PHA from aromatic substrates is reported for the first time. This study provides a comprehensive look at the diversity in PHA accumulation and composition amongst Pseudomonas species from a range of aromatic hydrocarbons.
Materials and methods

Bacterial strains
P. putida S12 is a soil bacterium, isolated by the ability to grow on styrene [19] . P. putida CA-1 is a styrene bioreactor isolate. P. putida F6 [25] and Pseudomonas strain B2 are soil isolates with the ability to utilise para-hydroxyphenylacetic acid for growth. Pseudomonas strains H4, B3, C8 and D5 are soil isolates with the ability to utilise phenylacetic acid for growth. Pseudomonas strains B2, H4, B3, C8 and D5 were identified by 16S rDNA sequencing. Sequences were compared with those in the Genbank database [26] using the batch BLAST [27] feature of Bioedit [28] . Based on sequence similarities, the strains were identified as P. fluorescens B2, P. putida H4, P. fluorescens B3, P. jessenii C8 and P. putida D5.
Chemicals
Phenylvaleric acid, phenylhexanoic acid, phenylheptanoic acid and phenyloctanoic acid were supplied by Lancaster Synthesis (UK). All other chemicals were supplied by Sigma-Aldrich (Dublin, Ireland).
Media and growth conditions
Bacterial strains were grown as previously described [18] . Cells were grown on styrene as previously described [18] , supplying 300 ll of styrene. Optical density (OD) was determined at 540 nm using a UV-visible spectrometer.
PHA accumulation
Nitrogen-limited E2 media [29] was used for PHA production experiments by supplying 0.63 g/L NaNH 4 -HPO 4 AE 4H 2 O. Bacterial strains were grown in batch culture as previously described [17] .
Alternative method for PHA accumulation
Where certain strains failed to accumulate PHA from phenylacetic acid when grown as described above, these strains accumulated PHA using an alternative method as follows: bacterial cells were inoculated (1%) into 50 ml E2 medium with additions of growth substrate (5 
Inhibition experiments
Cells were grown, washed and resuspended as described in Section 2.5. Growth substrate (5 mM), vitamins, TE, MgSO 4 AE 7H 2 O and inhibitor were added to the growth flasks and the cells incubated for 24 h.
PHA monomer determination
PHA monomer composition was determined using the method previously described [30] . Samples were analysed on a Fisons GC-8000 series gas chromatograph. PHA standards from P. oleovorans (aliphatic) and P. putida U and P. putida CA-3 (aromatic) were used for peak identification.
Results and discussion
PHA accumulation from styrene and phenylacetic acid
To date only one microorganism, P. putida CA-3, has been reported to accumulate PHA from styrene and phenylacetic acid [18] . Since styrene is an environmental pollutant and phenylacetic acid an intermediate of styrene metabolism [19] [20] [21] and other aromatic hydrocarbons [22] [23] [24] , the ability of other Pseudomonas species to accumulate PHA from these carbon sources is both environmentally and metabolically interesting. Only two strains (P. putida S12 and CA-1) grew with styrene as a sole source of carbon and energy. Both strains accumulate mcl-PHA to 14% and 8% of the bacterial cell dry weight (CDW), respectively ( Table 1 ). The monomer composition of the PHA accumulated comprises 3-hydroxyhexanoic acid, 3-hydroxyoctanoic acid and 3-hydroxydecanoic acid in a general ratio of 2:26:72 (Table 1 ). The level of PHA accumulated by P. putida S12 and CA-1 from styrene is 1.5-and 2.6-fold lower than that reported for P. putida CA-3 [18] . P. putida S12 and P. putida CA-3 are reported to have similar pathways for styrene degradation [19, 20] with P. putida S12 known to consume styrene at almost twice the rate observed for P. putida CA-3 [31] . Thus the pathway for styrene metabolism to PHA in P. putida S12 may have a bottleneck lower down the metabolic pathway that is absent in P. putida CA-3.
All the bacterial strains tested exhibit good growth on phenylacetic acid and accumulate PHA from this substrate at moderate to low levels ( Table 1) . P. putida S12 accumulated approximately the same level of PHA from styrene and phenylacetic acid. However P. putida CA-1 accumulated half the level of PHA from phenylacetic acid compared to styrene. Further investigation of the biochemical fate of styrene in P. putida CA-1 is required before the latter observation can be explained. Despite differences in the levels of PHA accumulated from phenylacetic acid by various Pseudomonas strains, the ratio of the monomer composition is similar with 3-hydroxydecanoic acid as the predominant monomer ( Table 1 ). The predominance of (R)-3-hydroxydecanoic acid monomers from PHA unrelated aliphatic substrates (substrates whose chemical structure does not resemble the monomers of PHA) has been reported previously [18, 32, 33] . This has been attributed to the substrate selectivity of the (R)-3-hydroxyacyl-ACP-CoA transferase enzyme (phaG) which has been referred to as (R)-3-hydroxydeaconyl-ACP-CoA transferase [33] .
PHA accumulation from phenylalkanoic acids n P 4
When the Pseudomonas strains are supplied with phenylbutyric acid as growth substrate little or no growth is observed in 5 of the 8 strains after incubation periods of up to 264 h (OD 540 < 0.2). Consequently this substrate was not tested for PHA accumulation in these strains. P. putida CA-1, P. putida F6, and P. putida S12 grew after 8 days of incubation with phenylbutyric acid. However, none of these strains accumulate PHA from phenylbutyric acid.
Only 2 of the 8 strains tested grow well (POD 540 of 1.1) when supplied with phenylvaleric acid (10 mM) as the sole source of carbon and energy. P. putida F6 accumulates moderate levels of PHA (26% CDW) with P. putida H4 accumulating low levels of PHA (5% CDW) ( Table 2 ). There is a notable change in the ability of the strains in this study to accumulate PHA from phenylalkanoic acids once the acyl carbon side chain length is increased from 5 to 6 carbons. All 8 strains tested are capable of accumulating PHA from phenylhexanoic acid ( Table 2) . P. fluorescens B2 and P. jessenii C8 accumulate the highest level of PHA from phenylhexanoic acid and phenylheptanoic acid, respectively, while P. jessenii C8 and P. fluorescens B3 accumulate the highest level of PHA from phenyloctanoic acid ( Table 2 ). There appears to be a broad diversity amongst Pseudomonas strains with respect to the relationship between the level of PHA accumulation and the number of carbons on the side chain of phenylalkanoic acids. P. putida S12, P. putida H4 and P. fluorescens B3 exhibit an increase in PHA levels with an increase in side chain length of the growth substrate (Table 2 ). This has been previously observed in P. putida U [3] . P. jessenii C8 and P. putida D5 show a dramatic increase in the level of PHA accumulation when the number of carbons in the side chain is All data are the average of at least three independent determinations. Standard error is less than 5%. PhVal, phenylvaleric acid; PhHex, phenylhexanoic acid; PhHept, phenylheptanoic acid; PhOct, phenyloctanoic acid.
increased from 6 to 7 (Table 2 ). However both strains accumulate the same levels of PHA from phenyloctanoic acid as phenylheptanoic acid (Table 2 ). In contrast P. fluorescens B2 accumulates a higher level of PHA from substrates with shorter side chains i.e., it accumulates almost 1.8-and 2.5-fold higher levels of PHA from phenylhexanoic acid compared to cells grown with phenylheptanoic acid and phenyloctanoic acid, respectively. P. putida F6 accumulates higher levels of PHA from phenylalkanoic acids with an uneven number of carbons in the side chain. P. putida CA-1 accumulates PHA to approximately the same (low) level from phenylhexanoic acid, phenylheptanoic acid and phenyloctanoic acid ( Table 2 ). P. putida H4 and F6 are the only two strains capable of PHA accumulation with all four phenylalkanoic acids tested in this study. Thus a diversity of abilities and levels of PHA accumulation exists within the Pseudomonas species tested in this study. Interestingly strains from the same species did not exhibit species-specific trends with similar PHA accumulating abilities and increased PHA levels being observed across species rather than within ( Table 2) . A number of enzymes could be responsible for the variation in PHA accumulation from phenylalkanoic acids, e.g., phenylacetyl-CoA ligase responsible for activating phenylalkanoic acids [34, 35] may act on different substrates at different rates, the enzymes responsible for transfer of b-oxidation intermediates towards PHA polymerase may exhibit a broad or narrow specificity, or indeed PHA polymerase itself may exhibit a preference for substrates with a particular chain length [1] . An examination of the monomer composition of PHA accumulated from these substrates will generate information on the substrate specificity of the PHA accumulating enzymes within the Pseudomonas strains tested in this study.
Monomer composition of PHA accumulated from phenylalkanoic acids
Despite significant differences in the level of PHA accumulated from phenylalkanoic acids ( Table 2 ) the trend in monomer composition of PHA accumulated from individual substrates was surprisingly similar in all strains ( Fig. 1(a)-(c) ). All the bacteria accumulated PHA containing predominantly aromatic monomers with traces of aliphatic monomers ( Fig. 1(a)-(c) ). While Pseudomonas strains have been shown to accumulate PHA from phenylalkanoic acids [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , up until now the occurrence of a heteropolymer of aromatic and aliphatic monomers has been limited [5, 7, 13, 16, 17] .
The monomer composition of PHA accumulated by both P. putida H4 and F6 from phenylvaleric acid is almost identical (3-hydroxyphenylvaleric acid monomer (95%) and traces of 3-hydroxydecanoic acid (5%)). When strains are supplied with phenylhexanoic acid or phenylheptanoic acid the predominant monomer in all cases is either 3-hydroxyphenylhexanoic acid ( Fig. 1(a) ) or 3-hydroxyphenyvaleric acid ( Fig. 1(b) ), respectively. 3-hydroxyphenylheptanoic acid monomers were also observed in PHA accumulated from phenylheptanoic acid in all strains tested ( Fig. 1(b) ). Interestingly, strains incapable of PHA accumulation from phenylvaleric acid accumulated PHA with 3-hydroxyphenylvaleric acid monomers ( Fig. 1(b) ). Furthermore, despite the inability of strains to either grow or accumulate PHA from phenylbutyric acid all strains accumulated 3-hydroxyphenylbutyric acid as a minor monomer from phenylhexanoic acid ( Fig. 1(a) ).
The monomer composition of PHA accumulated from phenyloctanoic acid was very similar in 7 of the 8 strains with 3-hydroxyphenylhexanoic acid as the predominant monomer, 3-hydroxyphenyloctanoic acid as the second most predominant aromatic monomer, and 3-hydroxyphenylbutyric acid as the minor aromatic monomer (Fig. 1(c) ). The exceptional strain (P. fluorescens B2) accumulated PHA with a ratio of 3-hydroxyphenylhexanoic acid to 3-hydroxyphenyloctanoic acid of almost 1:1 (Fig. 1(c) ). This suggests that with the exception of a single strain on a single substrate the PHA accumulating enzymes from all strains for all of the substrates exhibit a very similar substrate range. Thus while the monomer composition of PHA does not significantly vary (Fig. 1) , the ability to accumulate PHA varies dramatically (Table 1) . PHA monomer composition can be dictated by PHA polymerase or an earlier enzyme in the PHA accumulation pathway [32, 33] , e.g., the monomer composition of PHA accumulated from unrelated substrates is determined by PhaG [32, 33] . PhaG exhibits a preference for (R)-3-hydroxydecanoyl-ACP intermediates and thus transfers more 10 carbon units to PHA polymerase resulting in PHA composed predominantly of 10 carbon units [32, 33] . Future biochemical experiments will determine which enzyme activities are affecting PHA accumulation and monomer composition in these strains.
Increased diversity in the ratio of aromatic monomers allows for greater diversity in polymer properties and thus increased opportunities for PHA polymer applications [5, 7, 36] . The similarity in monomer composition across a range of strains suggests that the approach to increasing the range and diversity of aromatic PHA (i.e., tailored biosynthesis of PHA) is possibly best achieved through altered substrate feeding strategies (i.e., substrate co-feeding) rather than screening wild type strains for PHA polymerases or other PHA accumulating enzymes with differing substrate specificity [5, 7, 10, 11, 13, 16] .
3.4. The effect of 2-bromooctanoic acid on PHA accumulation from phenylacetic acid and phenyloctanoic acid
The fatty acid synthesis pathway is known to rebuild acetyl-CoA molecules to produce aliphatic (R)-3-hydroxyacyl-ACP molecules, which are transformed by (R)-3-hydroxyacyl-ACP-CoA transferase (encoded by phaG) to (R)-3-hydroxyacyl-CoA which acts as a substrate for PHA polymerase [32, 33] . 2-Bromooctanoic acid is a known inhibitor of (R)-3-hydroxyacyl-ACP-CoA transferase (phaG) [37] .
Growth of the Pseudomonas species in this study with phenylacetic acid as the sole source of carbon and energy in the presence of 2-bromooctanoic acid (10 mM) resulted in a significant decrease in the level of PHA accumulation in the majority of strains (Fig. 2) . However, PHA accumulation was only completely inhibited in a single strain (P. putida F6) and only moderately affected in P. jessenii C8 (Fig. 2) . The monomer composition of the PHA accumulated in the presence of 2-bromooctanoic acid was unchanged from that accumulated in its absence (data not shown). These observations suggest that for the majority of strains (R)-3-hydroxyacyl-ACP-CoA transferase plays an important role in PHA accumulation from phenylacetic acid.
PHA accumulated by Pseudomonas strains from phenyloctanoic acid in this study contained aromatic and aliphatic monomers suggesting a role for b-oxidation and fatty acid synthesis, respectively. Thus the addition of 2-bromooctanoic acid, to cell suspensions should allow aromatic monomer accumulation but inhibit the accumulation of aliphatic monomers from aromatic substrates [37] . However, cells incubated with 2-bromooctanoic acid and phenyloctanoic acid showed little or no decrease in the levels of both aromatic and aliphatic PHA monomers (data not shown). The failure to inhibit aliphatic monomer accumulation is in keeping with observations made for P. putida CA-3 where 2-bromooctanoic acid was shown to be a leaky inhibitor incapable of inhibition of aliphatic PHA accumulation from phenylalkanoic acids [17] .
3.5. Effect of acrylic acid on PHA accumulation from phenylacetic acid and phenyloctanoic acid Acrylic acid inhibits the activity of 3-ketoacyl-CoA thiolase, the enzyme that catalyses the final step of b-oxidation releasing acetyl-CoA from 3-ketoacyl-CoA [37] [38] [39] . As an unrelated substrate whose metabolic route to PHA should involve fatty acid synthesis only, acrylic acid should not affect PHA accumulation from phenylacetic acid. Surprisingly, when cells are supplied with phenylacetic acid as the sole carbon source in the presence of acrylic acid, a notable decrease in the final OD of cultures and PHA synthesis is observed (data not shown). It is known that microbial metabolism of phenylacetic acid proceeds via phenylacetyl-CoA ligase, through the action of an acyl-CoA synthase (fadD) and that the product of the reaction proceeds through a boxidation like pathway [21, 22] . The b-oxidation like pathway contains a ketothiolase enzyme (phaD) that is essential for phenylacetic acid metabolism [22] . Acrylic acid could potentially inhibit one or both of these enzymes [37] [38] [39] and consequently inhibit growth and PHA accumulation. Thus for all strains tested in this study it is likely that b-oxidation and fatty acid synthesis play a role in PHA accumulation from phenylacetic acid. Where PHA accumulation from phenylacetic acid is observed the predominant monomer remains 3-hydroxydecanoic acid.
Previously, attempts to increase PHA accumulation from PHA related substrates (those whose chemical structure resembles PHA monomers, e.g., alkanoic and phenylalkanoic acids) have employed the enzyme inhibitor acrylic acid to cause a build up of PHA intermediates from b-oxidation [38, 39] . As acrylic acid inhibits the growth of the Pseudomonas strains on phenyloctanoic acid, cells were grown as described in materials and methods Section 2.5. The addition of acrylic acid to cell suspensions grown on phenyloctanoic acid decreased the level of PHA accumulated by all of the strains tested in comparison to cell suspensions untreated with acrylic acid (Fig. 3) . Increasing the concentration of acrylic acid to 10 mM decreases the levels of PHA even further (data not shown). The monomer composition of the PHA accumulated by all strains is unaffected by the presence of acrylic acid (data not shown).
In conclusion there is a broad diversity in the ability of Pseudomonas species to accumulate PHA from aromatic hydrocarbons. With the exception of a single strain the monomer composition for all the strains tested in this study is almost identical. Data generated from the addition of fatty acid synthesis and b-oxidation inhibitors to cells grown with phenylacetic acid suggest a role for both pathways in PHA accumulation from this unrelated carbon source. The addition of boxidation inhibitors did not result in an increase in PHA accumulation from phenyloctanoic acid in any of the strains tested.
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